[1] We evaluate a comprehensive soil CO 2 survey along the San Andreas fault (SAF) in Parkfield, and the Calaveras fault (CF) in Hollister, California, in the context of spatial and temporal variability, origin, and transport of CO 2 in fractured terrain. CO 2 efflux was measured within grids with portable instrumentation and continuously with meteorological parameters at a fixed station, in both faulted and unfaulted areas. Spatial and temporal variability of surface CO 2 effluxes was observed to be higher at faulted SAF and CF sites, relative to comparable background areas. However, d
[1] We evaluate a comprehensive soil CO 2 survey along the San Andreas fault (SAF) in Parkfield, and the Calaveras fault (CF) in Hollister, California, in the context of spatial and temporal variability, origin, and transport of CO 2 in fractured terrain. CO 2 efflux was measured within grids with portable instrumentation and continuously with meteorological parameters at a fixed station, in both faulted and unfaulted areas. Spatial and temporal variability of surface CO 2 effluxes was observed to be higher at faulted SAF and CF sites, relative to comparable background areas. However, d
13 C (À23.3 to À16.4%) and Á 14 C (75.5 to 94.4%) values of soil CO 2 in both faulted and unfaulted areas are indicative of biogenic CO 2 , even though CO 2 effluxes in faulted areas reached values as high as 428 g m À2 d
À1
. Profiles of soil CO 2 concentration as a function of depth were measured at multiple sites within SAF and CF grids and repeatedly at two locations at the SAF grid. Many of these profiles suggest a surprisingly high component of advective CO 2 flow. Spectral and correlation analysis of SAF CO 2 efflux and meteorological parameter time series indicates that effects of wind speed variations on atmospheric air flow though fractures modulate surface efflux of biogenic CO 2 . The resulting areal patterns in CO 2 effluxes could be erroneously attributed to a deep gas source in the absence of isotopic data, a problem that must be addressed in fault zone soil gas studies.
Introduction
[2] The chemical composition and transport of soil gases within fault zones have been the subject of extensive investigation due to the potential for geochemical anomalies to serve as precursors to seismotectonic activity (see King [1986] ; Toutain and Baubron [1999] for reviews). Also, soil gas concentration and efflux anomalies may reflect addition of deeply derived fluids into the fault zone that alter its properties. In particular, one mechanism for creating the apparent weakness of the San Andreas fault (SAF) may be pore fluid pressurization by flow of deep fluids into the fault zone. On the basis of a study of 3 He and CO 2 in springs and wells, Kennedy et al. [1997] estimated a mantle-derived CO 2 flux of $0.02 g m À2 d À1 for the entire SAF system. Both Kennedy et al. [1997] and Kharaka et al. [1999] suggested that the flux of CO 2 from all deep sources might be as much as 1000 times greater than this value. King et al. [1996] measured anomalously high CO 2 and Rn concentrations in soils along the CF, but soil CO 2 effluxes were not investigated along faults in the SAF system until Lewicki and Brantley [2000] conducted a preliminary soil CO 2 survey along the Parkfield segment of the SAF in which they observed anomalously high CO 2 effluxes along faultcrossing traverses. Chemical and isotopic data, however, led them to conclude that CO 2 efflux anomalies were consistent with fracture-related biogenic gas flow, rather than degassing of deeply derived CO 2 .
[3] Soil gas concentration and efflux anomalies have been measured along one-dimensional transects crossing faults [e.g., Duddridge et al., 1991; Klusman, 1993; King et al., 1996; Toutain and Baubron, 1999; Lewicki and Brantley, 2000] and, more rarely, within two-dimensional areas surrounding faults [e.g., Sorey et al., 1998; Ciotoli et al., 1998; Etiope, 1999; Rogie et al., 2001; Chiodini et al., 2001] . These studies have mainly focused on correlation of the location of soil gas concentration or efflux anomalies and faults or fractures. More general investigations of unsatu-rated zone gas transport [e.g., Thorstenson and Pollock, 1989; Massmann and Farrier, 1992; Holford et al., 1993; Chen et al., 1995; Pinault and Baubron, 1996; Ouyang and Zheng, 2000] show that soil gas concentrations and effluxes can be strongly influenced by meteorological parameters, soil physical properties, and related near-surface gas transport processes. However, few studies have thoroughly investigated the relationship between near-surface gas production and transport processes and observed fault zone soil gas anomalies. Without such investigations, establishing a link between soil gas anomalies and deep sources is problematic.
[4] To elucidate the importance of near-surface processes in producing the geochemical anomalies observed by Lewicki and Brantley [2000] and King et al. [1996] , we present a comprehensive soil CO 2 efflux and soil gas chemical and isotopic data set collected (February -May 2000) along the SAF in Parkfield, and the CF in Hollister, California (Figure 1 ). We investigate (1) spatial correlation between CO 2 effluxes measured within grids and fault location, (2) temporal variation of CO 2 efflux relative to meteorological parameters, (3) origin of near-surface CO 2 , and (4) gas transport through the shallow soil environment. We discuss how near-surface gas transport processes operating in fractured soils in fault zones can modify the flow of shallow gas in ways that obfuscate the search for deeply derived gases.
Survey Sites
[5] The SAF soil gas survey was conducted in Parkfield (Figure 1 ) on the Taylor ranch at the U.S. Geological Survey (USGS) xta1 creepmeter (35°54.1 0 N, 120°25.5 0 W). The Parkfield segment of the SAF separates Franciscan Complex (weakly metamorphosed accretionary prism deposits) basement rock to the northeast from Salinian granite basement to the southwest. This segment is creeping and has been the site of five moderately sized earthquakes since 1857 [Bakun and Lindh, 1985] . Depth to the water table at the SAF site (measured in USGS well HR in Spring, 2000) is $16 m (E. Roeloffs, USGS, personal communication, 2001) . The Parkfield background (PB) study site is located $1.5 km northeast of the SAF site on the Taylor ranch, away from the fault zone. Soil textures at SAF and PB sites are silty clay loam and clay, respectively [Cook, 1978] . SAF and PB sites host similar annual grass communities (e.g., farmer's foxtail and wild oat).
[6] The CF survey was conducted in Hollister at Dunne Park between Sixth and Seventh streets (36°51.1 0 N, 121°24.2 0 W). The sidewalk here has been offset by fault creep. Basement rock is Great Valley sequence (marine sandstone, mudstone, and conglomerate), underlain by Coast Range ophiolite and Franciscan Complex rocks. The Hollister background (HB) site is located $2.5 km southeast of the CF site, away from the fault zone. Soil textures are unknown and turf grass is the main vegetation type at the CF and HB sites.
Methods

Field Measurements
[7] CO 2 efflux was measured over grids using an openbottomed accumulation chamber (AC) placed on the soil [e.g., Norman et al., 1992] . The contained air was circulated through the AC and a LI-COR 6262 infrared gas analyzer (IRGA). CO 2 concentration ([CO 2 ]) was recorded every 1 s, along with pressure (P, kPa) and temperature (T, K), measured by a pressure transducer and a thermocouple, respectively. The air was desiccated with Mg(ClO 4 ) 2 before entering the IRGA. ) was calculated according to
where k is a constant (1,558,656 g s m À3 d À1 ), P 0 and T 0 are standard P and T, respectively, V is the system volume (m 3 ), and A is the AC footprint area (m 2 ). On the basis of laboratory measurements of imposed CO 2 fluxes, measurement accuracy of the AC method is À12.5%, probably due to alteration of gas flow by the AC [Evans et al., 2001] . Repeatability is ±10% [Chiodini et al., 1998 ].
[8] CO 2 efflux measurement locations were sited on evenly spaced grid points using a compass and tape measure. Effluxes were measured at 5 m intervals within SAF and PB grids and at 2.5 m intervals within CF and HB grids. Efflux surveys were conducted up to 100 m from the SAF and CF traces due to observations of geochemical anomalies either on or close to these fault traces [King et al., 1996; Lewicki and Brantley, 2000] . In addition, CO 2 efflux was measured at 5 m intervals along six fault crossing transects, parallel to, and 5 to 50 m NW of, the SAF grid. Spacing between these transects varied from 3 to 15 m. During any given day, we measured effluxes sequentially along traverses oriented perpendicular to the SAF and CF fault traces. SAF and CF traces were located to within ±5 and 2 m, respectively.
[9] A WEST Systems Continuous CO 2 Flux Monitoring Station (CCFMS) [Chiodini et al., 1996] was installed on fractured soil at a distance of 50 m perpendicular to the SAF trace (NE side), adjacent to the SAF efflux grid (1 to 13 May 2000) and unfractured soil at a background site $1.5 km north of the SAF grid (25 to 28 March 2000). The fractured soil site was selected because elevated CO 2 effluxes were repeatedly measured there during preliminary surveys. The CCFMS measured CO 2 efflux with a LI-COR GasHound Model LI-800 IRGA contemporaneously with atmospheric pressure (±0.15 hPa), air temperature (±0.1°C), and wind speed (±0.1 m s
À1
) and direction every 30 min. The CCFMS AC was automatically lowered onto a fixed collar in the soil and CO 2 efflux measurements were made as described above for the portable CO 2 efflux instrument. At the SAF grid site, a ground crack (22.0 Â 3.5 cm, unknown depth) was located in the AC footprint. Soil was assumed to be unfractured at the background site because it was located away from the fault zone and there were no apparent ground cracks.
[10] Soil gas [CO 2 ] was measured at different locations within SAF and CF grids at 10 to 80 cm depth (hereinafter this technique is referred to as [CO 2 ] profile measurement) using a perforated soil probe and a Drager polytron or Geotechnical Instruments CD 1/8 IRGA (measurement precision = ±0.15 and 0.1%, respectively). The soil probe was driven incrementally into the soil and soil gas was pumped to the [CO 2 [Southon et al., 1992] . Carbon 14 data are reported as Á 14 C, the deviation, in parts per thousand of the 14 C/ 12 C ratio in the sample from that of the reference standard (oxalic acid decay corrected to 1950). Total porosity was determined for one soil sample from the CF site and for two soil samples from the SAF site using the clod and pycnometer techniques for bulk density and mean harmonic particle density, respectively [Klute and Page, 1986] .
Data Analyses
[12] Soil CO 2 efflux is known to show diurnal variations following a sinusoidal pattern, which has been attributed to changes in meteorological and biological conditions [e.g., Osozawa and Hasegawa, 1995; Ouyang and Zheng, 2000] . Efflux transects and grids measured over several hours must account for these diurnal changes in order to fully investigate spatial CO 2 efflux variability. Plots of CO 2 efflux versus measurement time for the SAF, CF, and PB grid data sets show sinusoidal trends with near-diurnal periodicity, suggesting a temporal trend in these data sets. To subtract this trend from SAF, CF, and PB data sets, we used a least squares inversion to find the best fit sine wave to each grid data set. Daily mean CO 2 efflux was constrained to be !0. The frequency and phase shift of the sinusoidal fluctuation was required to be constant throughout each grid data set. However, for those grids collected over several diurnal cycles, the daily mean efflux and amplitude were allowed to vary over each day. The best fit sine wave was subtracted from each data point at time t. Results are reported as timeadjusted CO 2 efflux.
[13] Correlation coefficients were calculated [e.g., Isaaks and Srivastava, 1989] for CO 2 efflux grid data as a function of separation distance (C ÁX,ÁY ) between efflux measurements (x) according to
where ÁX and ÁY are the separation distances in the horizontal and vertical directions, respectively, m and n are the number of measurements in the horizontal and vertical directions, respectively, and dX and dY are the measurement spacing in the horizontal and vertical directions, respectively. For CCFMS data, correlation coefficients were calculated as a function of time lag (C Át ) between two time series of data (x, y) according to
where dt is the time between repeat measurements. Correlation coefficients were calculated for repeat measure-ments of soil [CO 2 ] profiles (x) as a function of time lag between measurements according to
where dX is the spacing between [CO 2 ] measurements in the profile.
[14] Power spectra for CCFMS CO 2 efflux and meteorological data were estimated as the square of the coefficients of the fast Fourier transform with a Hanning window. The mean was removed from the CCFMS time series for power spectra estimations. ) sites, respectively. SAF, PB, and CF grid effluxes belong to lognormal populations, whereas HB grid effluxes belong to a normal population. We estimated the mean, m, and standard deviation, s, for the SAF, PB, and CF logtransformed efflux grid data using minimum variance unbiased estimators [Finney, 1941; Sichel, 1952] and for the nontransformed efflux data sets for all four grids. For SAF, PB, and CF data sets, these methods yield similar results (Table 1) ; we therefore consider m and s values of nontransformed data hereafter. The m and s of both SAF and CF data sets are greater than PB and HB data sets, respectively ( Figure 2 ). There is a systematic increase in s with m for all grid data sets. However, while the coefficients of variation (CV = s/m) of the SAF and PB data sets are similar, CV of the CF data set is greater than that of the HB data set (Table 1) .
[16] Temporally unadjusted SAF and PB grids show no clear trend in spatial distribution of CO 2 degassing ( Figures  3a and 3d ). Image and contour maps of correlation coefficients for SAF and PB grids show low spatial correlation overall (Figures 3b, 3c , 3e, and 3f); however, relatively elevated correlation coefficients (C ÁX,ÁY = 0.2 to 0.3) are evident for distance >5 m (i.e., > the measurement interval), with direction of anisotropy trending toward the northeast, perpendicular to the fault trace. The CF grid exhibits a zone of enhanced CO 2 efflux approximately perpendicular to the CF trace (Figure 4a ). Also, CO 2 effluxes are moderately spatially correlated (up to C ÁX,ÁY = 0.4) at distances >2.5 m, with direction of anisotropy trending toward the east (Figures 4b  and 4c ). There is no evident spatial trend in the HB grid and effluxes are poorly spatially correlated (Figures 4d-4f) .
[17] Time-adjusted SAF C ÁX,ÁY image and contour maps (Figures 5b and 5c ) show similar magnitude of spatial correlation of CO 2 effluxes as observed in temporally ) were calculated for log-transformed and nontransformed data; n = 646, 287, 436, and 97 for SAF, PB, CF, and HB CO 2 efflux populations, respectively. CV refers to coefficient of variation (s/m), calculated for nontransformed data. unadjusted data. However, direction of anisotropy trending toward the northeast and oriented $45°to the fault trace is more clearly evident for distance >5 m in time-adjusted data (Figures 5b and 5c ). Time-adjusted PB C ÁX,ÁY maps (Figures 5e and 5f) show lower overall C ÁX,ÁY , relative to temporally unadjusted data. The CF time-adjusted grid shows no trend in areal degassing ( Figure 6a ) and exhibits less spatial correlation than is evident in temporally unadjusted data (Figures 6b and 6c) . We did not observe a temporal trend in the HB data and therefore do not report time-adjusted HB results.
[18] To test the effect of grid geometry on spatial correlation of CO 2 efflux, we generated random synthetic data sets with the same measurement spacing, m, and s of SAF and CF data sets and varied grid aspect ratios from 1:1 to 1:10. C ÁX,ÁY values for each grid geometry showed no grid shape bias on efflux spatial correlation.
Temporal Variation
[19] The CCFMS record for the fractured soil SAF site (Figure 3a) shows that CO 2 efflux was characterized over the measurement period by irregular variability (i.e., efflux spikes), superimposed on sinusoidal variability (Figure 7) . The m, s, and CV of the efflux population (n = 573) are 6 g m
, and 1.17, respectively. We confine spectral and correlation analysis of CCFMS time series to diurnal timescales due to the relatively short ($13 day) sampling duration. Power spectra for CO 2 efflux and meteorological parameters (Figure 7 ) show peaks at one cycle d À1 (24-hour period), as well as at lower frequencies. CO 2 efflux is moderately positively correlated (C Át = 0.4 to 0.5) with atmospheric temperature and wind speed at $2 to 3 and 0.5-hour time lags, respectively, and poorly correlated with atmospheric pressure (Figure 8 ). Elevated CO 2 effluxes (i.e., efflux ''spikes'') correspond to northerly to westerly winds with elevated speeds.
[20] The m (7 g m À2 d
À1
), of the CO 2 efflux population measured on unfractured soil (n = 125) is similar to that of the fractured soil efflux time series; however, the s(1 g m
À1 ), and CV (0.14) are much lower. Relatively short sampling duration ($3 days) did not allow for spectral and correlation analysis of the Parkfield background data sets, due to poor spectral resolution.
Soil Gas Chemistry and Isotopic Composition
[21] Table 2 shows chemical and carbon isotopic compositions of soil gases from CF, SAF, and PB grids and a Parkfield atmospheric air sample (PBatm). Relative to atmospheric air, soil gases are CO 2 -enriched and O 2 -depleted.
[22] The d 13 C and Á
14
C values of soil CO 2 range from À23.3 to À16.4% and 75.5 to 94.4%, respectively. The Table 3 shows the location, date, and time of profile measurement and the measured surface CO 2 efflux above each profile. We [25] SAFB profiles are well spatially correlated (C Át % 0.8 to 1) over the entire measurement period (Figure 13 ). SAFA profiles are moderately to well correlated (C Át = 0.5 to 1) up to $15-day time lag and moderately to poorly correlated at greater time lags.
Discussion
Fault Zone CO 2 Efflux
[26] Mean CO 2 effluxes for the SAF and PB grid data sets fall within the mean soil CO 2 respiration rates in temperate grasslands (13 g ) [Raich and Schlesinger, 1992] . Mean efflux of both CF and HB data sets is greater than the range for natural grasslands; however, we lack information on average respiration rates from areas where turf grass dominates vegetation type, which may be higher.
[27] The spatial trends in CO 2 efflux within the CF grid do not yield clear evidence for structurally related enhanced degassing. Although the CF grid displays a zone of moderately correlated elevated efflux oriented perpendicular to the fault trace, the time-adjusted CF grids show poorly correlated effluxes (on spatial scale greater than the sampling interval) without spatial trends. The time-adjusted PB grid similarly shows decreased magnitude and degree of anisotropy of C ÁX,ÁY , relative to the temporally unadjusted grid. These observations emphasize the influence of diurnal CO 2 efflux variations on spatial data sets and the need to consider these variations in sampling strategy. Poor spatial correlation of CO 2 effluxes at distances greater than or equal to our sampling interval also indicates that our sampling interval was greater than the scale of spatial heterogeneity of our study sites; factors controlling spatial efflux variability (e.g., CO 2 production rate, soil diffusivity/permeability) operate on spatial scales less than the sampling interval. The small scale of spatial heterogeneity we infer is consistent with other investigations of soil physical property variability within relatively small study areas [e.g., Sisson and Wierenga, 1981] .
[28] Relative to temporally unadjusted data, the timeadjusted SAF grid shows slightly enhanced magnitude and correlation of CO 2 effluxes on spatial scales greater than the sampling interval, with direction of anisotropy trending toward the northeast and oriented $45°to the fault trace. Fractures with similar orientation would be consistent with dextral shear along the SAF. Correcting the spatial efflux data set for temporal variance may therefore have allowed for detection of a tectonic fracture-related signature in CO 2 degassing.
CO 2 Source
[29] Power spectral estimates for CCFMS time series indicate that variation in CO 2 efflux and atmospheric Figure 8 . Plots of correlation coefficients as a function of time lag for CCFMS CO 2 efflux and meteorological parameter measurements at the SAF fractured soil site. CF, SAF, PB, and SAFA are soil gas samples collected from CF, SAF, and PB grids and profile SAFA, respectively. CF and SAF samples were collected from 50 cm depth in CF and SAF [CO 2 ] profiles, respectively. SAFA10, 20, 40, 60, and 70 samples were collected from 10, 20, 40, 60, and 70 cm depth, respectively, in profile SAFA. CO 2 efflux was measured above each soil gas sampling location. Distance is distance from fault trace. [CH 4 ] of soil gas samples is <0.0002 vol %, with the exception of PB2 ([CH 4 ] = 0.0005 vol %). Dry gas concentrations are reported here.
temperature at the fractured soil SAF site is dominated by diurnal periodicity. CO 2 efflux is correlated with atmospheric temperature, a finding consistent with solar heating of the soil and resulting soil CO 2 production by root respiration and/or heterotrophic bacteria [e.g., Dörr and Münnich, 1987; Wood et al., 1993] . Also, observed O 2 depletion and CO 2 enrichment of soil gases relative to the atmosphere are consistent with a soil respiration source for the CO 2 . In the absence of N 2 fixation and denitrification processes, the significant depletion in [N 2 ] relative to the atmosphere observed in the CF1, 3, and 5 samples may result from processes such as CO 2 exsolution from the water table or vadose zone water at the beginning of the dry season.
[30] A shallow biogenic source of soil CO 2 is also indicated by the d 13 C values may also be consistent with addition of CO 2 derived from oxidation of d 13 C-depleted CH 4 rising from depth along the SAF [e.g., Jones and Drozd, 1983] , it is unlikely that this is an important process at the SAF and CF sites, due to the low [CH 4 ] of soil gas samples (Table 2) .
[31] To further investigate source of soil CO 2 , we selected five SAF and CF grid CO 2 samples that represented a wide Table 3 
Soil Gas Transport
[33] Soil CO 2 transport to the atmosphere may be diffusive (concentration gradient driven), as described by Fick's first law at STP:
where
, n a is air-filled porosity, t is tortuosity, and r[CO 2 ] is the [CO 2 ] gradient (vol % m À1 ), and/or advective (total pressure gradient driven), as described by Darcy's law:
where F A is mass advective CO 2 flux (g m
, T is absolute temperature, R is the gas constant (g m 2 d
À2 T À1 mol À1 ), and M CO 2 is the molecular weight of CO 2 (g mol À1 ). Meteorological parameters may modulate soil CO 2 flow to the atmosphere by influencing concentration and/or total pressure gradients. Small total pressure gradients can produce advective fluxes of equal or greater magnitude than diffusive fluxes [e.g., Thorstenson and Pollock, 1989] .
[34] To estimate the maximum extent to which Fickian diffusion accounts for surface CO 2 effluxes measured above [CO 2 ] profiles in SAF and CF grids, we calculated diffusive CO 2 effluxes based on near-surface [CO 2 ] gradients and For best fit lines to SAFB and SAFA profile data, correlation is constrained to be one at zero time lag. inferred soil diffusivities (equation (5) [Marrero and Mason, 1972] , depending on measured soil temperatures. Total porosity values, n T , for a soil from the CF grid and two soils from profile SAFB and SAFA sites are 0.52, 0.36, and 0.38, respectively; however, we lack n T , water content, and t data for most CF and SAF profile sites. Therefore we made the following assumptions: (1) measured n T values for SAF and CF soils are representative of soils over their entire respective grids; (2) n T = n a ; and (3) t = 0.71 [Chertkov and Ravina, 1999] , which should be representative of a clay soil with a highly connected crack network. In addition, maximum near-surface @[CO 2 ]/@z values were used in calculations. In cases where profile [CO 2 ] at 10 cm depth was approximately equal to surface [CO 2 ] (e.g., SAFB profiles), likely due to atmospheric airflow through shallow soil, maximum @[CO 2 ]/@z values were considered from depth to 10 cm over linear segments of profiles. These conditions yield maximum estimates of F D values.
[35] To account for the uncertainties associated with parameter values used in F D calculations and the effect of heterogeneous soil structure on diffusive gas transport [e.g., Holford et al., 1993; Siitari-Kauppi et al., 1997] , we broadly categorize [CO 2 ] profiles according to the CO 2 transport mechanism that may dominate in these profiles. DD profiles (surface CO 2 efflux 0.8F D ) are those above which surface effluxes are likely entirely diffusive. DA profiles (0.8F D < surface CO 2 efflux < 1.4F D ) are those above which surface effluxes are dominantly diffusive, but probably also include a component of advective flow. AD profiles (surface CO 2 efflux ! 1.4F D ) are those where the advective component of surface effluxes is large, or even dominant. CF2, 3, and 4 and SAF1, 2, 4, 6, 8, and 11 are DD profiles; SAF5 and 10 are DA profiles; and CF1 and 5 and SAF3, 7 and [36] CF3, 1, and 5 soil gas samples exhibit d 13 C depletion with increasing surface efflux. We infer that both diffusive and advective CO 2 transport are important at these sites. Interestingly, the observed 4.3% difference between CF3 and five d
13 C values is very close to the 4.4% isotopic fractionation associated with diffusion [e.g., Cerling et al., 1991] . These samples suggest two end-members derived from a similar source organic mass d 13 C value: a relatively high flux, advection dominated (no isotopic fractionation) site (CF5) and a relatively low flux, diffusion dominated site (CF3). CO 2 transport in the CF1 column may then be some combination of the two transport mechanisms. This interpretation is supported by the observed trend of decreasing contribution of diffusive to total surface efflux for CF3, 1, and 5 profiles.
[37] Power spectral estimates for CCFMS time series indicate that variation in wind speed measured by the CCFMS on fractured soil is dominated by diurnal periodicity, whereas atmospheric pressure shows a dominant PSD peak at lower frequency. Atmospheric pressure changes can strongly influence advective flow of soil gas to the atmosphere [e.g., Massmann and Farrier, 1992] ; however, our observations show CO 2 efflux and atmospheric pressure are poorly correlated on diurnal timescales. The high PSD peak observed for atmospheric pressure at low frequency is consistent with a stronger control of low frequency events such as slow moving weather fronts on atmospheric pressure fluctuations than that of diurnal thermal and gravitational effects.
[38] Positive correlation of CO 2 efflux with wind speed at $0.5-hour time lag suggests that CO 2 efflux may rapidly respond to changes in wind speed. Wind speed variability may create local fluctuations in air pressure, influencing soil gas flow to the atmosphere [e.g., Reimer, 1980; Schery et al., 1984; Schery and Siegel, 1986] . We suggest that elevated wind speed may cause enhanced atmospheric air flow through fractured soil, allowing for air to serve as a carrier gas for soil-respired CO 2 , which results in enhanced surface CO 2 efflux. In this way, wind speed may be responsible for the efflux spikes observed in the SAF CCFMS time series due to the irregular nature of wind speed variability, relative to other more smoothly varying meteorological parameters. This effect on CO 2 efflux variability may be enhanced at the SAF fractured soil CCFMS site, relative to the unfractured soil site, as suggested by the greater s of the fractured soil CO 2 efflux times series. In addition, greater s for SAF and CF grid CO 2 efflux data sets, relative to PB and HB data sets, respectively, may also reflect fault and/or fracture enhanced atmospheric air flow through soils. Elevated CO 2 effluxes observed in the SAF CCFMS time series correspond to northerly to westerly winds with elevated speeds, suggesting that the relationship between wind speed and direction and fracture geometry has an important influence on air flow through soil fractures and associated surface CO 2 effluxes.
[39] Category I profiles resemble classic soil gas profiles established by diffusive transport to the atmosphere [e.g., Dörr and Münnich, 1987] . The observed break in @[CO 2 ]/ @z slope in these profiles (at 20 to 40 cm) may mark the depth of the base of the root zone. Category II profiles could represent diffusive flow of CO 2 away from a depth interval of high productivity. However, F D calculations indicate a component of advective CO 2 flow in SAF7, SAF5, and CF5 profiles. Also, SAF and CF profile categories show no consistent relationship with rain events, soil temperature, observed vegetation density and type, and measurement date. We hypothesize that all three profile shapes were observed during single days due to heterogeneous soil structure within the SAF and CF study areas. We suggest that both diffusion and advection contribute to gas flow in category II profiles. [CO 2 ] may be lowered at depth in the soil column due to wind-driven atmospheric air flow through fractures. CO 2 would then be transported up through the column as the base of the column is aerated by atmospheric air. Superimposed on this flow driven by a total pressure gradient is diffusive transport from high to low [CO 2 ]. This transport model may be appropriate for our study areas because extensive ground cracking was observed that could promote wind-driven air flow through highly permeable soil.
[40] For the same reasons, we favor the diffusion-advection transport model to explain the irregular ''saw-tooth'' pattern observed in category III profiles. In this case, relatively low [CO 2 ] measured at various profile depths may be generated by lateral atmospheric air flow through soil fractures at those depths. In permanent profile SAFA, [CO 2 ] and d 13 C values measured with depth suggest addition of atmospheric air at the point of [CO 2 ] decrease with depth ( Figure 9 ). We hypothesize that relatively low [CO 2 ] measured at 50 to 60 cm depth in profile SAFA from 13 to 28 April 2000 was due to lateral atmospheric air flow through the soil column at this depth. The change in profile shape from 28 April 2000 to 10 May 2000 may be due to a change in soil permeability structure over this time.
[41] Profile SAFB exhibits category I behavior (diffusive transport) over the measurement period. We attribute observed increase in profile SAFB (and SAFA) @[CO 2 ]/@z from morning to afternoon measurement times to increasing soil respiration rate as soil temperature rises. Following the heavy rain event (16 -17 April 2000) , it is likely that soil CO 2 production increased (as suggested by doubling of surface CO 2 efflux relative to 14 April 2000) and air-filled porosity decreased. SAFB profiles measured on 18 and 19 April 2000 show increased profile @[CO 2 ]/@z in the shallow soil, which may be attributed to one or both of these factors. It is likely that from 19 April 2000 to 8 May 2000, CO 2 production decreased and/or accumulated CO 2 in the shallow soil was transported to the atmosphere, leading to profile straightening and lower @[CO 2 ]/@z.
[42] High spatial correlation of SAFB profiles over the $1 month measurement period indicates that a relatively stable process controls the shape of SAFB profiles. We suggest that this process is soil CO 2 respiration and that it shows relatively little variation over the measurement period and/or properties of the soil media act to buffer changes in [CO 2 ]. Wellcorrelated SAFA profiles on timescales up to $5 days may also indicate that soil respiration (or a similarly stable process) controls profile shape over relatively short timescales. However, moderate to poor correlation of SAFA profiles at time lag up to one month suggests that additional processes (e.g., change in soil permeability structure) may be acting to control [CO 2 ] variation with depth on these longer timescales. The different behavior of SAFB and SAFA profiles, located within only 15 m of each other, likely reflects heterogeneous soil structure at the SAF site. Surface effluxes above the majority of SAFA profiles measured over time are partially advective, whereas all effluxes above profile SAFB are entirely diffusive. Variability of soil structure may therefore influence the relative importance of advective gas transport in the soil.
Summary and Conclusions
[43] We summarize our observations of soil CO 2 at SAF and CF study sites based on a conceptual model for CO 2 flow through fractured soils (Figure 14) . The CO 2 is derived from root respiration (upper 40 cm of soil), heterotrophic bacteria, atmospheric air, and, in the case of the CF site, from biogenic source(s) such as seasonal groundwater degassing. Highly permeable tectonic and/or nontectonic fractures form a network that can focus CO 2 flow from the soil. Wind, atmospheric and soil temperature, and atmospheric pressure fluctuations more readily modulate CO 2 transport to the atmosphere due to this network. In particular, wind-driven atmospheric air flow though fractures acts to ''flush'' soil CO 2 through fractures, enhancing magnitude and variability of surface CO 2 efflux. Note that our conceptual model does not specifically distinguish between tectonic and nontectonic fracture density and distribution.
[44] We draw the following conclusions from the above observations and discussion:
[45] 1. Enhanced surface CO 2 effluxes at study sites appear to derive from subsurface fracturing on small spatial scales. Areal efflux trends may not consistently reflect regional tectonics and soil CO 2 is dominantly of shallow, biogenic origin. The influence of active faults on nearsurface gas transport has not been adequately considered in previous interpretations of observed soil gas anomalies.
[46] 2. Advective soil CO 2 transport appears to be more important in faulted than in unfaulted terrains. The relative importance of advective transport varies on small spatial scales within SAF and CF study areas and temporally at individual locations.
[47] 3. Surface wind, not barometric pumping, seems to be the main factor driving advective soil gas flow over diurnal cycles at study sites. The greater spatial and temporal variability of surface CO 2 effluxes observed at SAF and CF sites, relative to corresponding background areas, is likely due to wind-driven atmospheric air flow through more highly fractured soils at SAF and CF sites.
[48] 4. Near-surface processes coupled with shallow soil physical properties appear to exert first-order control on CO 2 flow to the atmosphere at SAF and CF study sites. To interpret field measurements accurately and understand transport of gases (e.g., CO 2 , Rn, He, CH 4 ) from great depth to the atmosphere, fault zone soil gas studies must first characterize and account for the typical scale of spatial and temporal variations due to near-surface processes.
[49] 5. To better characterize the relative importance of specific physical processes and soil properties in soil gas Figure 14 . Schematic of gas flow in fractured terrain showing movement of soil CO 2 to the atmosphere. Soil depth is unknown at SAF and CF sites. Fracture width and density are not to scale. transport in fractured terrain, we recommend that additional field studies measure (1)[CO 2 ] and total gas pressures within three-dimensional arrays in the soil, along with associated surface CO 2 effluxes, (2) soil water content, total porosity, and texture to constrain soil diffusivities, and (3) soil fracture densities and air permeabilities as a function of those densities. Also, the influence of surface wind on soil total pressure gradients should be established to better understand the relationship between wind and advective gas flow through fractured soils. These field studies should be supplemented by laboratory and numerical experiments in simple systems where the number of variables influencing gas transport can be controlled.
